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Abstract: Process-based crop models such as AquaCrop are useful for a variety of applications but
must be accurately calibrated and validated. Sugar beet is an important crop that is grown in regions
under water scarcity. The discrepancies and uncertainty in past published calibrations, together
with important modifications in the program, deemed it necessary to conduct a study aimed at the
calibration of AquaCrop (version 6.1) using the results of a single deficit irrigation experiment. The
model was validated with additional data from eight farms differing in location, years, varieties,
sowing dates, and irrigation. The overall performance of AquaCrop for simulating canopy cover,
biomass, and final yield was accurate (RMSE = 11.39%, 2.10 t ha−1, and 0.85 t ha−1, respectively).
Once the model was properly calibrated and validated, a scenario analysis was carried out to assess
the crop response in terms of yield and water productivity to different irrigation water allocations
in the two main production areas of sugar beet in Spain (spring and autumn sowing). The results
highlighted the potential of the model by showing the important impact of irrigation water allocation
and sowing time on sugar beet production and its irrigation water productivity.
Keywords: modelling; AquaCrop; calibration; sugar beet; irrigation water allocation; water
productivity
1. Introduction
Sugar beet (Beta vulgaris), together with sugarcane (Saccharum officinarum), are the main sources of
commercial sucrose worldwide. Even though the sugar beet cropped area has been decreasing over
recent decades, total production remains stable due to increasing yields [1]. The highest average fresh
root yield has been recorded in Spain (90 t ha−1), despite it not being ranked among the world’s 10
largest producing countries, which have yields ranging from 39 t ha−1 to 88 t ha−1 [1]. This is the result
of a significant effort made over recent decades to increase crop productivity through the adoption of
optimum farming practices, together with plant breeding efforts, to introduce new, adapted varieties,
which was led by the Spanish Research Association for Sugar Beet Crop Improvement (AIMCRA, in
its Spanish acronym). Although only about one-fourth of the world’s area devoted to sugar beet is
irrigated, the fraction of irrigated area varies greatly from region-to-region, between 20% and 100%
of the sugar beet area [2]. Because of the different environments where both crops are grown, sugar
beet consumes from 500 to 800 mm of water [2], while the annual evapotranspiration of sugarcane
ranges between 800 and 2000 mm [3]. This lower water consumption of sugar beet makes it suitable
for water-limited environments (e.g., the Mediterranean region of limited rainfall concentrated in
the winter and a rainless summer), where governments are fostering sugar beet production as an
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alternative to sugarcane. Thus, one would expect an increase of the sugar beet area in those countries
in the coming years.
Sugar beet is sensitive to water deficits, particularly in the early growing stages [2,4], and there is
a positive linear relationship between water use and root production [2,5]. Water stress is the major
cause of sugar beet yield loss in many regions, even in areas where the crop is not normally irrigated or
is supplementary irrigated [6]. Furthermore, yield losses due to water stress are expected to increase
in the future, which becomes a serious new problem in many areas, such as North-East France and
Belgium [7]. Under this scenario, optimum water usage, irrespective of its source (irrigation or rainfall),
becomes a key target for sugar beet producers.
The response of crop to water availability is complex, but their characterization through field
experiments have been conducted for many years [8]. However, the empiricism, time consumption,
and the amount of resources needed limit their implementation for designing optimum irrigation
management. Given these constraints, crop simulation models are a promising alternative used to
simulate the crop response to different water supply scenarios. There are several examples of crop
models used to simulate the sugar beet production under different environments and management
practices. Simple models such as the one presented by Reference [9] or Reference [5] (PLANTGRO),
both based on the approach in Reference [10], have been proposed. Under the production function
approach, a crop response factor relates the normalized yield to its potential value against the
normalized evapotranspiration or transpiration to their potential values. These models have limited
capacity to predict yield response to water since they do not include the water stress effects on the
different crop eco-physiological processes. To overcome these limitations, more complex process-based
models have also been adapted to simulate sugar beet production, such as Broom’s Barn crop growth
model [6,11], CSM-CERES-Beet model, or DSSAT [12], STICS [13,14], Greenlab [14,15], LNAS [14], and
PILOTE [14,16]. In addition, the AquaCrop model [17], in an attempt to develop a simple, versatile,
and robust water-driven model, has been calibrated and validated for sugar beet [18–22]. This model
can simulate the yield response to water more accurately with a relatively small number of parameters
than other models, which makes it more attractive for simulations under water-limited conditions or
for irrigation scheduling. For these reasons, AquaCrop has been implemented to assess the sugar beet
production under different scenarios [23,24]. Nevertheless, as for any model application, AquaCrop
must be accurately calibrated and validated. In the case of sugar beet, earlier calibration and validation
efforts in AquaCrop have yielded uncertain results [18–22]. One reason may be that important
modifications in the quantification of soil water stress have been introduced in the new model versions
(v6.0 and v6.1), which makes it necessary to carry out a new calibration and validation process.
Once the model is properly parameterized, it can be used for multiple purposes, both at the plot
scale (e.g., irrigation scheduling, as in Reference [25]) or farm scale (e.g., optimization of the irrigation
and cropping patterns, as in Reference [26]) and at basin (e.g., integrated assessment modelling, as in
Reference [27]) or regional level (e.g., crops responses to climate change [23]). Ultimately, AquaCrop
can be a useful tool for supporting decision-making at different levels, especially in terms of irrigation
water management for a crop such as sugar beet, which is facing water scarcity challenges in most of the
production areas. In this regard, the application of the model for better irrigation water allocation, an
issue faced by water authorities, would be relevant in a water scarce environment. A proper irrigation
water allocation must enhance the irrigation water productivity, taking into account the availability of
a scarce resource, as water, and ensuring the farmers’ profitability.
Thus, the objectives of this work were first to calibrate and validate the AquaCrop model
(version 6.1) for sugar beet grown under different levels of irrigation. Additionally, a scenario analysis
was carried out to assess the crop response in terms of yield and water productivity to different
irrigation water allocations in the two main production areas of sugar beet in Spain (spring and
autumn sowing).
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2. Materials and Methods
2.1. Calibration and Validation of AquaCrop for Sugar Beet
2.1.1. Datasets
A field experiment was performed in 2012 at the experimental station of the Research Association for
Sugar Beet Crop Improvement (AIMCRA, in its Spanish acronym), Valladolid, Central Spain (41◦39′ N,
4◦41′ W, 690 m a.s.l.) to calibrate the model. The climate in the area is typically Mediterranean with
an annual average precipitation of around 400 mm, and about 1200 mm average annual reference
evapotranspiration (ETo). The soil of the experimental area is a Gleyic Cambisol of 1.2 m depth
with uniform clay loam texture. Sugar beet was planted on 21 February, 2012, at a final density of
14.5 plants m−2 (row spaced 0.5 m apart), and the selected cultivar was Amalia KWS.
The experimental design was a randomized complete block with 144 m2 plots with four irrigation
treatments replicated four times. The four treatments were: control (100% ETc), two sustained deficit
irrigation treatments (70% and 55% of the control), and a rainfed treatment. In order to enable proper
crop germination and establishment, all the treatments were fully irrigated to cover the crop needs until
June 1st. The irrigation system used was a sprinkler that adapted the nozzle orifice size to the irrigation
treatment (3.6–4.4 mm). In order to avoid nutritional stresses, 220 Kg N ha−1, 100 Kg P2O5 ha−1,
100 kg K2O ha−1, and 50 Kg MgO ha−1 were applied in all treatments. Pests and diseases were carefully
controlled, and no weeds were allowed to develop in the field.
Green canopy cover was monitored weekly at 5 points per replication by taking zenithal
photographs above the canopy with a digital camera. Images were analyzed using the Green Crop
Tracker v.1.0 software, developed by Agriculture and AgriFood Canada [28]. Biomass (leaves and
roots) sampling (one row of 1.4 m long per plot) was performed monthly in every treatment, and oven
dried (at 70 ◦C) to assess the time course of biomass. Final yield was determined by harvesting 7 m2
per replicate plot in every treatment and drying the roots at 70 ◦C.
To validate the model, eight commercial farms from part of the AIMCRA trials were selected.
AIMCRA technicians collect detailed data on the soil, crop, and irrigation management, as well as
the final fresh yield. The conditions in the selected farms cover the variability found in the main
sugar beet production areas in Spain, i.e., weather and soil variability (different years and locations),
different varieties, sowing dates, plant density, and irrigation. A summary of the information on
the selected farms is provided in Table 1. Another important aspect taken into account during the
farms selection was that yield had not been limited by nutritional stresses pests and/or diseases.
Dry yield was estimated considering a dry matter content of 20%, the average value obtained in the
calibration experiment.
Table 1. Experimental data sets and farmers’ fields measurements used for the calibration and validation
of AquaCrop for sugar beet. n is the number of irrigation treatments.
Data Sets Location Year n Cultivar Sowing Date Plant Density (Plants m−2) Soil Texture
Calibration
AIMCRA Valladolid (Valladolid) 2012 4 Amalia KWS 21 February 14.5 Clay loam
Validation
FARM1 Villabañez (Valladolid) 2012 1 Amalia KWS 9 March 10.5 Silty clay
FARM2 Pozáldez (Valladolid) 2012 1 Ludwina KWS 1 March 10.6 Clay
FARM3 Herrera de Pisuerga(Palencia) 2012 1 Ludwina KWS 16 March 10.4 Loam clay
FARM4 Donhierro (Segovia) 2012 1 Geraldina 28 February 10.8 Loam
FARM5 Villamarciel (Valladolid) 2013 1 Amalia KWS 25 April 9.6 Loamy sand
FARM6 Lebrija (Sevilla) 2014 1 Brahms 28 October 11.1 Clay
FARM7 Lebrija (Sevilla) 2014 1 Sanlucar 16 October 10.5 Clay
FARM8 Lebrija (Sevilla) 2014 1 Portal 24 October 10.9 Clay
2.1.2. Calibration and Validation Procedures
AquaCrop v6.1 has been used in this study and its algorithms, calculation procedures, and
parameters are described in detail in the model reference manual [29], while a brief description of the
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concepts and basic development can be found in Reference [17] and Reference [30]. The calibration
process was performed by adjusting the conservative parameters [31] comparing the simulated with
the observed values of green canopy cover (CC), dry biomass (B), and dry yield at harvest (Y), in that
order, as recommended by Reference [31]. This approach is in line with the calculation scheme of
AquaCrop, which estimates crop yield in four steps operating on a daily basis: (1) calculation of CC,
(2) calculation of transpiration (T) proportional to CC, (3) conversion of T into B through a normalized
water productivity (WP *) factor, and (4) calculation of Y as the product of B and the harvest index (HI).
The crop water stress parameters were adjusted after satisfactory results for the control treatment were
achieved. The global sensitivity analysis performed by Reference [32] was taken into account during
the calibration process. The validation procedure was carried out by comparing the simulated with the
observed values only of Y, since there was no data on CC or B.
The input climate data required by AquaCrop (minimum and maximum air temperature, rainfall,
and ETo calculated by the FAO Penman-Monteith equation) were obtained from a weather station
located at the experimental station, in the case of the calibration, and from weather stations nearby
for the validation. Input data on plant density, phenology, and development were obtained from
the experimental results. The soil hydraulic properties, i.e., soil water content at permanent wilting
point, field capacity, and saturation, and hydraulic conductivity at saturation, were estimated from the
soil texture using pedo-transfer functions [33]. The initial soil water content was considered at field
capacity due to the pre-sowing irrigation carried out in all cases.
AquaCrop performance was evaluated by linear regression between the observed and simulated
values of CC, B, and Y, and the slope, intercept, and coefficient of determination (r2) were determined.
The goodness of fit was also assessed by the following two statistics: root mean square error (RMSE,















(∣∣∣Si − _O∣∣∣+ ∣∣∣Oi − _O∣∣∣)2 (2)
where Oi and Si are the observed and simulated values, respectively, and n is the number of observations.
The model fit improves as RMSE, an indicator of the absolute model uncertainty, approaches zero
while d, which is a stable and bounded index, approaches unity.
2.2. Simulating the Crop Response to Different Irrigation Water Allocations
Once AquaCrop was calibrated and validated for sugar beet, the model was used to optimize
the irrigation schedules and to simulate yield and irrigation water productivity (WP) under different
irrigation water allocation (IWA) scenarios in the two main production areas of Spain: Central-North
area, where the sowing is carried out in spring, and the Southern area of autumn sowing. The
two locations selected for the simulations were Valladolid and Sevilla, which are both locations
representative of the production areas. The calibrated crop parameter values were used for the
simulations, and AquaCrop was run in the growing degree day mode, which uses a base temperature
and an upper or optimum temperature (the temperature above which crop development no longer
increases with an increase in air temperature [29]).
The sowing dates used in the simulations (2 April and 6 November for North and South area,
respectively) were the average sowing dates obtained from the AIMCRA database. The input soil
parameters were those of the AIMCRA experiment for the North area, while a clay soil was used to
represent the South area. The initial soil water content was considered at field capacity, which was
consistent with the rainfall patterns and the pre-sowing irrigation practices in the study areas. The
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simulated irrigation method was sprinkler with an application efficiency of 80%, which is the average
value obtained by AIMCRA in previous irrigation performance assessments.
To account for climate variability in the crop response to irrigation, a synthetic 30 years series of
climate data for each study area was generated using the stochastic weather generator CLIMAGEN [35],
based on SIMMETEO [36]. The climate data series were generated on the basis of the statistical
characteristics of the observed weather at Valladolid and Sevilla locations. Using these climate data
series, AquaCrop was run to simulate and analyze various IWA scenarios in both production areas,
focusing on the potential yield and related irrigation WP (defined as the ratio of the dry root yield to
the gross applied irrigation water). The current IWA for sugarbeet in each area (reference scenario),
of 600 mm and 400 mm for the North and South area, respectively, was analyzed. Two alternative
scenarios were also assessed: an increase of 100 mm in the irrigation water supply (i.e., 700 mm and
500 mm for the North and South area, respectively), and a 25% reduction in IWA under water scarcity
(i.e., 450 mm and 300 mm for the North and South area, respectively). Under these three scenarios,
AquaCrop was used to generate an optimum irrigation schedule to achieve maximum yield (potential
yield). The irrigation strategy followed avoided water stress in the early growing stages (most sensitive
period), while it allowed moderate water deficits toward the end of the season [2]. The simulated
yield and irrigation WP gaps between the reference scenario and the two alternative IWA scenarios
were analyzed.
3. Results
3.1. Calibration and Validation of AquaCrop for Sugar Beet
The calibration of the crop parameters involved in the simulation of the time course of CC was
carried out first. Figure 1 presents a comparison between observed and simulated CC for the four
irrigation treatments of the AIMCRA experiment. A very good matching of simulated CC against
measured CC was found for all treatments, with the exception of the rainfed treatment (Figure 1d).
It appears that, despite the improvements introduced in AquaCrop v6.0 and v6.1 to account for the
effects of a light rain on the level of soil water stress of deep rooted crops [29], the model was not able
to stop the early senescence despite a rainfall event (11 mm) which occurred on day 156 after sowing
and slowed down the canopy senescence in the field (Figure 1d). The rainfall event was insufficient to
reduce the simulated water depletion in the top soil up to the threshold for triggering early senescence.
Nevertheless, a proper fit of water stress response parameters for early senescence can be observed
by analyzing the simulated senescence process in the 70% Control and 55% Control treatments. The
calibrated values of the crop parameters for sugar beet can be found in Table 2. The overall performance
of AquaCrop for simulating CC is shown in Table 3, with an RMSE of 11.39% and d value of 0.999.
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Figure 1. Observed and simulated seasonal course of gr en canopy cover for the irrigation treatments
of the AIMCRA experiment used for model calibration: (a) control, (b) 70% control, (c) 5% control,
and (d) rainfed.
Table 2. Calibrated values for selected AquaCrop crop parameters for sugar beet. The AquaCrop default
values for sugar beet and the values calibrated in selected previous studies are shown. Information
about the calibration process (model version, location, observed yield range, and evaluated variables)
is presented. CC, B, and Y are green canopy cover, biomass, and yield, respectively.







AquaCrop version 6.1 4.0 4.0 4.0 5.0 -
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Observed dry yield range (t ha−1) 4.8–25.8 - 8.5–19.8 4.0–12.0 10.0–25.0 7.3–15.0
Evaluated variables CC, B, Y - Y CC, B, Y Y CC, B, Y
Crop parameters
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Stomatal closure pupper 0.65 0.65 0.65 0.65 0.57 0.45–0.65
Stomatal closure shape factor 3.0 3.0 3.0 2.5 2.5 2.5–2.8
Canopy senescence pupper 0.75 0.75 0.75 0.75 0.75 0.45–0.55
Canopy senescence shape factor 3.0 3.0 3.0 2.5 2.5 1.2–3.0
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HIo adjustment-During yield formation (+) 6 4 4 4 4 4
HIo adjustment-During yield formation (−) None None None None 1 None
1 Top soil thickness considered for the estimation of soil water depletion (Program settings: Crop parameters). -:
Information is not available.
Table 3. Statistics (root mean square error–RMSE- and index of agreement–d-) for the comparisons
between observed and simulated values of green canopy cover (CC), total dry biomass (B), and root
dry yield (Y) for the calibration and validation of the AquaCrop model. Slope, intercept, and r2 are for
the linear regression of observed against simulated values. n is the number of observed data used in
the calibration and validation process.
Variable n Observations Range Simulations Range RMSE d Slope Intercept r2
Calibration
CC (%) 60 2–100 0–100 11.39 0.999 1.038 −2.748 0.924
B (t ha−1) 18 1.56–34.0 4.50–30.21 2.10 0.983 0.857 2.172 0.957
Y (t ha−1) 4 4.83–25.80 3.49–25.18 0.85 0.999 1.056 −1.256 0.994
Validation
Y (t ha−1) 8 16.18–27.00 16.26–27.63 1.17 0.998 0.945 1.278 0.908
The satisfactory performance in the simulation of CC led to a reasonable fit in biomass accumulation
for all treatments, as indicated by the high value of d and moderate RMSE (Table 3). Figure 2 depicts
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the comparison between observed and simulated seasonal course of biomass accumulation for all
the treatments of the AIMCRA experiment. A slight tendency to over-predict (in all treatments) and
under-predict (in control and rainfed treatments) at the beginning and end of the season, respectively,
can be observed (also see slope and intercept in Table 3). These results are more than satisfactory when
taking into account the uncertainty in the measurement errors in biomass sampling, which indicates a
proper adjustment of the crop parameters related to transpiration, as well as the normalized water
productivity (WP *) (Table 2).
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Figure 3 presents the co ri t een observed and simulate dry root yield at harvest
using the calibrated and the defa lt cro ara eters. The calibration improved yield prediction
relative to the use of the default para eters, where simulated yields were below the observed yields,
particularly near the maximum (Figure 3). After calibration, the simulation of yield was good for
all treatments (deviation of less than 5%), with the exception of the rainfed treatment (deviation of
28%). The under-prediction of yield in this treatment must be mostly related to the differences between
observed and simulated CC and biomass at the end of the season (Figures 1d and 2d). The premature
canopy senescence stopped the build-up of the simulated harvest index (HI), which reached a value
of only 41%. The simulation of HI under terminal drought conditions, where accelerated canopy
senescence has a major impact, is particularly difficult [17]. Nevertheless, the overall yield predictions
in the range of 4.8 to 25.8 t ha−1 are good, as shown in Table 3 (RMSE = 0.85 t ha−1, d = 0.999). It is also
important to highlight how well the model simulates the positive impact of water stress on the HI
during yield formation, as observed in the 70% control and 55% control treatments (Figure 3).
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Figure 3. Simulated versus observed dry root yield at harvest for the AIMCRA experiment used for
model calibration with the calibrated and default crop parameters.
Validation of the model was performed with the calibrated crop parameters using the dataset
from commercial farms described above. The agreement between observed and simulated dry root
yield at harvest is presented in Figure 4 for a large spectrum of production levels (from 16 to 27 t ha−1).
This comparison shows that all simulated yields have a deviation of less than 10%, without an apparent
trend for over-prediction or under-prediction (Slope = 0.945, Intercept = 1.278, and r2 = 0.908, Table 3).
Thus, there was a very good fit, with a high value of d and moderate RMSE (Table 3).
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3.2. Crop Response to Different Irrigation Water Allocations
The calibrated and validated AquaCrop model for sugar beet was used to simulate the crop
response to different IWA under optimum irrigation schedules in the two main production areas of
Spain with climatic datasets of 30 years generated by CLIMAGEN software. Figure 5 depicts the range
of cumulative rainfall and ETo values just for the growing cycle of sugar beet in Valladolid (North area)
and in Sevilla (South area) for the 30 simulated seasons. The North area presents much higher ETo
(around 1030 mm) and lower rainfall (around 200 mm) than the South area (around 630 and 500 mm
of ETo and rainfall, respectively) (p < 0.05, Tukey test), although a higher inter-annual variability is
observed in the South, particularly in rainfall. Note that there are different sowing times, with spring
and autumn for North and South areas, respectively. This is reflected in the current irrigation water
allocation of 600 mm in the North versus 400 mm in the South.
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Figure 5. Cumulative rainfall and reference evapotranspiration (ETo) for the sugar beet growing cycle in
Valladolid (North productive area) and Sevilla (South productive area), and for the 30 simulated seasons.
The box repre ents 50% of the data, where the box’s upper boundary represents the upper quartile (Q3) of
the data, the lower boundary represents the lowe quartile (Q1) and the line inside the box represents the
median (Q2). The whiskers show the largest and smallest values. The circle denotes outlier values.
The potential dry root yields under the different irrigation water allocation scenarios for the
30 simulated seasons in the two productive areas were simulated with AquaCrop and are presented
in Figure 6. The average potential yield for the reference IWA scenario is higher in the South, with
an aver ge of 24 versus 22 a−1 in the North. Yields similar to ose in the South were achieved
in the Nort r t e I A scenari of 700 m (Figure 6a). As a consequence, the irrigation WP is
considerably higher in the South than the North area (Figure 7), with average values of 6.1 Kg m−3
and 3.7 Kg m−3 under the IWA reference scenario, respectively. Similarly, evapotranspiration WP
(defined as the ratio of the dry root yield to the water consumed–ET-) followed the same pattern, with
average values of 4.1 Kg m−3 and 2.7 Kg m−3 for the North and South areas, respectively. As might
be expected, th increase in IWA led to a downward t end in rrigation WP in both areas (p < 0.05,
Tukey test) (Figure 7). Regarding the year-to-year variability, the highest variability in yield occurred
in the North under a 25% reduction in IWA (Figure 6), where a greater dependency on seasonal rainfall
under this deficit IWA scenario increased the inter-annual variability. On the contrary, the maximum
variability in irrigation WP was found in the South for the highest IWA (Figure 7). For this location, in
this scenario, an increase in IWA did not enhance yields in up to 33% of the years, due to the rainfall
patterns, which explained the high variability observed.
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negligible yield gaps (Figure 8). In the case of the irrigation WP gaps (Figure 9), the pattern is the 
opposite of that observed in the yield gaps. The highest irrigation WP gaps were simulated in the 
South, with an average increase of 1.8 Kg m−3 by increasing the IWA in 100 mm. 
The detailed year-to-year simulated yields comparison in the three IWA scenarios is presented 
in Figure 10. In the North, yields under low IWA were always less than the reference yields and quite 
variable (Figure 10a). By contrast, in the South, there was very little impact of a reduced IWA given 
that the inter-annual rainfall variability is corrected with optimal irrigation (Figure 10b). 
Figure 6. Potential dry root yiel at arvest under three different irrigation water allocation scenarios
for the 30 simulated seasons in the t o ain productive areas: (a) North (Valladolid), and (b) South
(Sevilla). The box represents 50% of the data, where the box’s upper boundary represents the upper
quartile (Q3) of the data, the lower boundary represents the lower quartile (Q1), and the line inside the
box represents the median (Q2). The whiskers show the largest and smallest values. The circles denote
outlier values.
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Figure 7. Simulated irrigation water productivity (WP) under three different irrigation water allocation
scenarios for the 30 simulated seasons in the two main productive areas: (a) North (Valladolid), and (b)
South (Sevilla). The box represents 50% of the data, where the box’s upper boundary represents the
upper quartile (Q3) of the data, the lower boundary represents the lower quartile (Q1), and the line
inside the box represents the median (Q2). The whiskers show the largest and smallest values. The
circles denote outlier values.
3.3. Yield and Water Productivity Gaps
The average yield and irrigation P ga s for each scenario are presented in Figures 8 and 9,
respectively. In the South, the potential yields ere not affected by increasing the IWA in 100 m,
unlike the Northern area where the yields rose almost 1.5 t ha−1 (Figure 8). A similar situation was
observed under a 25% reduction in IWA, with a yield gap of around 3 t ha−1 in the North in comparison
with only 0.5 t ha−1 in the South. The greater seasonal rainfall in the South leads to negligible yield
gaps (Figure 8). In the case of the irrigation WP gaps (Figure 9), the pattern is the opposite of that
observed in the yield gaps. The highest irrigation WP gaps were simulated in the South, with an
average increase of 1.8 Kg m−3 by increasing the IWA in 100 mm.




Figure 8. Average potential dry root yield gap of the different irrigation water allocation scenarios 
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Figure 10. Comparison of potential dry root yield at harvest under different irrigation water allocation 
scenarios (scenario yield) with potential dry root yield at harvest under the normal irrigation water 
allocation (reference yield) for the 30 simulated seasons in the two main productive areas: (a) North 
(Valladolid), and (b) South (Sevilla). 
Figure 8. Aver tial dry ro t yield gap of the different irrigation water lloc ti n scenarios with
respect to the normal irrigation water allocation (reference scenario) fo the 30 simulated se son in the
two main productive areas: (a) North (Valladolid), and (b) South (Sevilla). Vertical bars rep esent the
standard d viation.
The detailed year-to-year simulated yields comparison in the three IWA scenarios is presented in
Figure 10. In the North, yields under low IWA were always less than the reference yields and quite
variable (Figure 10a). By contrast, in the South, there was very little impact of a reduced IWA given
that the inter-annual rainfall variability is corrected with optimal irrigation (Figure 10b).
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4. Discussi
In the view of the calibration and validation results (Figures 1–4), AquaCrop effectively reproduced
(Table 3) the main features of yield responses of sugar beet to water deficits. It is important to
acknowledge that AquaCrop is focused mainly to simulate water-limited yields. Calibration was
carried out with the results of a single deficit irrigation experiment, while the model validation was
carried out with data from eight farms differing in location, years, varieties, sowing dates, and irrigation
(Table 1), with an observed yield range between 16 to 27 t ha−1 (Figure 4). This high variability in
environmental conditions and management provides robustness to the simulated results. No previous
studies of calibration/parameterization and validation of AquaCrop for sugar beet have covered
this broad range of production levels (Table 2). Only Reference [20] used a comparable yield range
(by introducing differences in sowing dates and irrigation) from experimental fields located in the
Tadla irrigation scheme (Morocco), but neither B or CC were experimentally assessed, and agreement
statistics were not reported. These shortcomings make it difficult to evaluate the goodness of the
adjustment they proposed for the crop parameters (Table 2). The same applies to Reference [18], where
only the model performance to predict yield is assessed. In the case of Reference [19], the calibration
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process (based on irrigation and fertilization experiments) was performed using only a full irrigation
treatment (the deficit irrigation treatments were included only in the validation process). This hampers
the proper adjustment of the crop water stress parameters. The calibration process in Reference [21] is
more unsuitable, since the crop parameters values changed for the different treatments.
Based on the calibration performed here, a set of conservative parameters was adjusted, as
reported in Table 2. These crop parameters values do not differ greatly from those in the default crop
file for sugar beet within the AquaCrop model database (Table 2). However, there were significant
changes in some key crop parameters, such as the normalized WP (WP *), which was increased from
17 g m−2 in the default file to 18 g m−2 (Table 2), which has an important impact on yield simulation
(Figure 3). The new WP * value was already proposed by References [19] and [20] (Table 2). By contrast,
Reference [18] considerably under-predicted the yield in the irrigated treatments using the default
WP * value of 17 g m−2 (Table 2). Another important change was the modification of the base and
upper temperature (Table 2) for better simulation of the crop development and the impact of low
temperatures on stomatal conductance [29]. Our proposed changes are in line with those recommended
by Reference [37] for the base temperature and by References [38] and [39] for the upper temperature.
Although the default crop water stress parameters (Table 2) satisfactorily simulated the crop response
under deficit irrigation (Figure 1b–d, Figures 2b–d and 3), a small change in the parameter that adjust
HIo for water stress during yield formation (Table 2) allowed the correct simulation of the increase in HI
due to the water stress suffered during the leaf expansion, as observed by Reference [40]. Furthermore,
the validation of the default crop water stress parameters was crucial, since important modifications
in the determination of soil water stress were performed in versions 6.0 and 6.1 of AquaCrop [29] in
comparison with previous versions. In the 6.1 version, the water depletion in the top soil is compared
against whole root zone depletion in order to determine which part of the soil profile controls the
water stress. Therefore, the proper definition of the top soil thickness for each crop (Table 2) is also a
relevant task for the calibration of the new model versions.
Using these calibrated parameters, AquaCrop accurately simulated the evolution of CC (Figure 1)
and biomass (Figure 2), as well as the final root yield (Figure 3). Nevertheless, despite the improvements
introduced for better accounting of water stress in the new model versions (v6.0 and 6.1), AquaCrop was
not able to simulate the effect of a light rainfall on the water stress reductions (Figure 1d), likely because,
in the field, the rainfall triggers new root growth in the surface layers that facilitates rapid extraction of
the infiltrated soil water, which quickly reduces water stress, as shown in grain sorghum [41]. The
model could not simulate such an adaptive response and this resulted in under-prediction of the
final yield for the rainfed treatment (Figure 3). Note that AquaCrop predictions were less accurate
for the most deficit irrigated treatments in Reference [19]. This has been observed in other works for
different crops, such as in maize [42] and in dry beans [43]. There seems to be a need for improving
the AquaCrop simulations under severe water stress. Nevertheless, in view of the good results
obtained in the extensive validation test performed in this study with a wide range of production
levels (Table 3), it can be concluded that AquaCrop reproduced quite well the main features of sugar
beet production as a function of the water supply. Overall, the model performance may be considered
satisfactory, particularly when compared with the performance of more complex models such as
STICS in Reference [13], but not in Reference [14], or CSM-CERES-Beet [12], even when water stress
conditions were not simulated, as in the latter. Therefore, the calibrated crop parameters for sugar beet
can be used with confidence in AquaCrop under different environmental conditions and management
and for a wide range of current varieties. However, while commercial varieties seem to have similar
yield responses to water stress [44,45], the existence of lines with greater drought tolerance [44] could
result in new commercial varieties (recent breeding priority) that may require a re-calibration of the
crop water stress parameters in the future.
Once AquaCrop has been properly calibrated and validated, it is possible to use it for the
simulation of some features that require excessive time and resources in field experimentation. An
illustration of this potential is presented here, by simulating the potential yield and the irrigation
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WP as a function of IWA in the two main production areas in Spain. The results highlighted that
sowing time, associated with location and IWA, significantly impact sugar beet production and its
irrigation WP in a given environment. The average potential yield and irrigation WP were higher
in the South (autumn sowing) than in the North (spring sowing), with an irrigation water saving of
33%, which is a significant amount for a water-limited environment (Figures 6 and 7). These results
can be attributed to the higher evaporative demand and the lower rainfall in spring sowing in the
North, which causes a higher irrigation demand (Figure 5). On the other hand, the longer period
in autumn sowings during which assimilates are translocated and accumulated in the roots leads to
higher root yields. The benefits of autumn sowing have been reported by Reference [46] in a three-year
experiment in another Mediterranean environment. Furthermore, the values of irrigation WP reported
in Reference [46] for the autumn and spring sowings (5.6 and 4.1 g m−3, respectively) are quite similar
to those obtained in this case (6.1 and 3.7 g m−3, respectively). In fact, even the evapotranspiration WP
values were nearly identical (2.8 g m−3 with respect to 2.7 g m−3 simulated in this study). This confers
a great reliability on the model performance and in the analysis we have carried out. In view of the
results, in environments with low-risk of winter frost and with common summer drought, autumn
sowings should be encouraged, both for their high yields and higher irrigation WP. Early plantings of
sugar beet in Northern environments have also become a breeding priority, by selecting sugar beet
lines with frost resistance [47] and bolting resistance [48].
Water authorities in many parts of the world have proposed to optimize water use through a
proper IWA for each crop. AquaCrop can be a useful tool to carry out this undertaking, as has been
demonstrated in this study. In the North, the curvilinear relationship between yield and AIW [8,49]
was evident in the results (p < 0.05, Tukey test) (Figure 6a), increasing the yields almost 1.5 t ha−1 by
increasing the IWA in 100 mm or with a yield decrease of around 3 t ha−1 under a 25% reduction in
IWA (Figure 8a). This inversely impacts the irrigation WP (Figures 7a and 9a). The tradeoff between
yield and irrigation WP must be taken into account by the water authorities and policymakers in
their decisions not to compromise the profitability of the sugar beet production. On the contrary, in
the South, an increase or reduction in IWA did not have a significant impact on the yields (p < 0.05,
Tukey test) (Figures 6b and 8b) due to greater influence of the seasonal rainfall on yields. In this case,
however, a high increase in irrigation WP was simulated under a 25% reduction in IWA (Figures 7b
and 9b), which could lead to a significant improvement in the water use efficiency without having a
significant yield penalty. In the South, under water scarcity situations, restrictions in IWA could be
applied to sugar beet without having significant negative impacts when compared with the impact on
summer crops or on sugar beet in the Northern area.
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